Electrokinetics (EK) is an emerging remediation technology for the in situ removal of heavy metals, volatile organic compounds, and radionuclides from soils and sediments. Naval Air Weapons Station Point Mugu, California will host an EK technology demonstration. The demonstration will consist of installing and operating an EK system, which is engineered to remove cadmium and chromium from former electroplating waste lagoons. The selected site is adjacent to and encroaches on an environmentally sensitive salt marsh area for federally protected wildlife. The electrokinetic process will be used to mobilize and extract heavy metals from the metalscontaminated soil by applying a low amperage direct current across an array of electrodes placed in the contaminated soil. The demonstration will focus on the effectiveness of the EK process for removing heavy metals from the tidal marsh area. The EK demonstration will be used to collect cost-effective data necessary to address both the technical and economic feasibility of using this technology in areas where soils are porous, water is brackish, and the system is susceptible to tidal influences.
Introduction
The US Army Environmental Center (USAEC) is preparing to conduct a technology demonstration of EK as a method of removing heavy metals from soils. The demonstration is sponsored by the environmental security technology certification program (ESTCP) and the Southwest Division, Naval Facilities Engineering Command (NAVFAC SOUTHWEST DIV). It will be conducted at the Naval Air Weapons Station (NAWS), Point Mugu, California, Site 5 -Old Area 6 Shops. The technology is being investigated for this ecologically sensitive area because of its potential to be a less invasive technology. A key element of the demonstration is to determine the costs associated with the use of the technology.
Background
Located in Ventura County, California, NAWS Point Mugu Reservation comprises approximately 4,500 acres in the western portion of the Ventura Basin (Figures 1 and 2 ). The installation is approximately 50 miles northwest of Los Angeles and borders the western slopes of the Santa Monica Mountains.
Past military and industrial operations at NAWS Point Mugu included electroplating and metal finishing processes, explosive and propellant manufacturing and use, and the use of lead-based paints. These operations resulted in large tracts of land being contaminated with metals.
Site 5 -Old Area 6 Shops
Site 5 is a large area where electroplating and metal finishing operations were conducted. The Old Area 6 Shops within Site 5 are located along Beach Road, just west of the south end of Laguna Road (Figure 3 ). The area of study is approximately 1/2 acre and includes two former waste lagoons located in the center of Site 5. The lagoons are unlined and were used between 1947 and 1978 to receive waste water discharge from electroplating and metal finishing activities. The largest waste generator in the area was the plating shop, which reportedly disposed of an estimated 95 million gallons of plating rinsate between 1948 and 1965. Additionally, up to 60,000 gallons of waste photovoltaic fixer solution and small quantities of organic solvents and rocket fuel were reportedly disposed of in the lagoons from the late 1940s until the early 1950s.
In 1988, surface soil and soil boring samples were collected from the Old Area 6 site and analyzed for a number of constituents. Soil samples collected from ten surface and two boring points contained concentrations of volatile organic compounds (VOCs) and semivolatile organic compounds (SVOCs). Only soil borings SB5-1 and SB5-2 and surface soil sample SS5-4 (Figure 3 ) are located about the waste lagoons (PRC, 1993) . All soil samples were analyzed for polychlorinated biphenyls (PCB) and pesticides. PCBs were only detected in a duplicate sample from one of the borings. Dichlorodiphenyltrichloroethane (DDT) and its metabolites were detected in only three surface samples. Metal analytes were detected in all locations. In 1994, the Navy authorized the emergency removal of 117 cubic yards of soil from the former waste lagoons. potential for damage to the marsh area, the state of California would not permit further excavation of soil from these two former waste lagoons for the purpose of remediation.
Summary of existing site condition

Contaminants of concern
The principal contaminants of concern at the site are chromium, cadmium, copper, nickel and silver. Additional contaminants of potential concern include arsenic, beryllium, manganese, fluoride, tetrachloroethane, trichloroethene (TCE) and Aroclor-1260 (PCB trade name).
Environmental considerations
The Point Mugu area contains an extensive tidal marsh area, and is one of the larger remaining coastal wetlands in the USA. The Site 5 characterization area is immediately adjacent to part of this coastal wetland. Impact on this area during field operations will be minimized through use of shortest paths to monitoring areas and keeping personnel intrusion to a minimum. The 
Technology history
Initial observations of the electrokinetic phenomena are credited to Reuss (1809) who noted that water was transported through saturated soil when electric potential was applied (Mattson and Lindgren, 1994) . Segall et al. (1980) reported that electrokinetics may be applied to hazardous waste remediation from dewatering sludges rich in heavy metals. More recently, the Ukrainian government has been attempting to use electrokinetics in conjunction with hydraulic flushing to drive radionuclides deep into the soil profile to reclaim lost farming land from the Chernobyl accident (Mattson and Lindgren, 1994) . Lageman et al. (1989) has described field-scale removal of heavy metals from saturated soils in The Netherlands.
Technology description
The electrokinetic process separates and extracts heavy metals from the metalscontaminated soil through the application of low amperage direct currents across an array of electrodes placed in the contaminated soil. The application of the electric field between the electrodes has several effects on the soil, water, and the contaminants:
• Electromigration;
• Electro-osmosis;
• Changes in soil solution pH;
• Electrophoresis.
Electromigration
Electromigration is the physical transport mechanism that is principally responsible for moving ions through water or moist soil by an applied direct current field (Kelsh, 1996) . Ion migration rates will vary somewhat by species and generally conform to the transference measured for dilute aqueous solutions, but adsorption (the adherence of contaminants to soil particles) by soil can be influenced by contaminant characteristics such as speciation, ionic size, polarity, and concentration. This influence can be most severe for cations that are chelated by humic materials or react with soil anions to form precipitates, e.g. with carbonate or sulfide (Kelsh, 1996 
Electro-osmosis
Electro-osmosis is the movement of water through soil caused by an applied direct current field. It can be important in soils of low permeability, and has been used relatively successfully in sludge dewatering and soil stabilization (Kelsh, 1996) . The effect is highly dependent on the nature of the electrical double layer of charge at the solid-liquid interface, with good transport observed for fine-grained sediments and soils (clays and silts) with high surface charges and low electrical conductivity (Kelsh, 1996) .
Changes in soil solution pH
pH changes occur under the influence of the current as a result of electrolysis reactions at the electrodes (USAEWES, 1997). Oxidation of water occurs at the anode and generates H + ions, equation (1) (USAEWES , 1997) . H + ions generate an acid front which slowly migrates to the cathode. In contrast, water is reduced at the cathode and generates OH -ions, equation (2), which migrates as a base front towards the anode (USAEWES, 1997).
Electrophoresis
Electrophoresis refers to the movement of charged particles under the influence of the electric field (USAEWES, 1997). As with electromigration, positively charged particles migrate towards the cathode, and negatively charged particles migrate towards the anode. While electrophoretic transport occurs in soils, it is suspected to have less of an influence on contaminant treatment than the other phenomena discussed above (USAEWES, 1997).
Electrokinetic experimentation
Electrokinetics has been tested predominantly in the laboratory with limited field trials. Laboratory (bench-scale) experiments employ small test cells with soils spiked with known amounts of contaminants or dyes that simulate contaminants and contaminant kinetics.
Most of the present work has been bench-scale testing using soils and sediments from contaminated sites throughout the USA and Europe. Pilot-scale testing in the USA and Europe has been performed in clay-type soils and sediments contaminated with radionuclides and heavy metals. Electrokinetic experiments at USAEWES using sand and gravel-type soils and sediments are still being performed in the bench-and isolated pilot-scale tests. The focus of the demonstration at NAWS Point Mugu is to validate the technology on sand and gravel sediments under the harsh conditions present in a saline tidal marsh environment.
System description NAWS Point Mugu was selected for a full-scale electrokinetics demonstration to remove metal contaminants from the soil and groundwater. EK has the potential to remove metals, radionuclides, and chlorinated hydrocarbon contaminants from soil, sediment, mud, sludge, and marine dredging using electrochemical and electrokinetic processes to disassociate and then remove ionic contaminants.
System design
The technology will involve the use of ceramic electrodes that are divided into cathode and anode arrays. Application of direct current (DC) or alternating current (AC) to the electrodes will initiate ion and water movement toward the electrodes (Figure 4 ). Metal ions, ammonium ions, hydronium ions and positively charged organic compounds move toward the cathode. Anions such as chloride, cyanide, fluoride, hydroxyl, nitrate, and negatively charged organic compounds move toward the anode. The electrodes are positioned inside permeable casings that are inserted into the waste material. After the annulus of each casing is filled with water, the current is turned on. The water passes from the anode casing into the waste and toward the cathode.
System operation
The technology demonstration will be conducted in two test cells at Site 5 -Area 6 at NAWS Point Mugu ( Figure 5 ). Each test cell will be operated and monitored as a separate unit. The first test cell (TC #1) contains the two former waste lagoons and the surrounding berms (approximately 60 × 40 foot area). Contaminant depth to 11 feet was determined in this test cell from a 1997 characterization study done by LB&M Associates, (LB&M, 1997 ). An electrically non-conductive sheet pile barrier wall will be installed to a depth of 20 feet around the test cell to prevent uncontrolled movement of metal ions and contaminants outside of the test cell and to mitigate the effects of groundwater flow and tidal effects within the test cell.
The second test cell (TC #2) will encompass a 30 × 100 foot area immediately north of TC #1 in the tidal marsh ( Figure 5 ).
Contaminant depth was determined to be 2 feet in this test cell (LB&M, 1997) . No protective barrier will be installed around TC #2 and will be open to both groundwater flow and tidal effects. Only after the EK system is shown to be operating within the confines of Gene L. the TC #1 boundaries will the EK system in TC #2 be started.
Groundwater and periodic soil samples will be taken to evaluate the dynamics of the technology process. Currently, groundwater sampling events will occur twice monthly for five months; soil samples are scheduled for one per month throughout the life of the technology demonstration. Groundwater samples will be taken from the three down gradient wells installed during the characterization phase of the project, and from the one existing up gradient well located north of Beach Road ( Figure 5 ). Piezometers will be installed in the waste lagoons to monitor the performance of the technology; piezometers will also be placed outside of the barrier wall to detect breakthrough of target compounds.
Conclusions
Since the technology has yet to be demonstrated at NAWS Point Mugu, results and conclusions are not available. However, the 
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